This review focuses on the recent advances related to the heterogeneity of different-sized bile ducts with regard to the morphological and phenotypical characteristics, and the differential secretory, apoptotic and proliferative responses of small and large cholangiocytes to gastrointestinal hormones/peptides, neuropeptides and toxins. We describe several in vivo and in vitro models used for evaluating biliary heterogeneity. Subsequently, we discuss the heterogeneous proliferative and apoptotic responses of small and large cholangiocytes to liver injury and the mechanisms regulating the differentiation of small into large (more differentiated) cholangiocytes. Following a discussion on the heterogeneity of stem/progenitor cells in the biliary epithelium, we outline the heterogeneity of bile ducts in human cholangiopathies. After a summary section, we discuss the future perspectives that will further advance the field of the functional heterogeneity of the biliary epithelium.
Introduction Morphological heterogeneity of the biliary epithelium
The liver is formed by two types of epithelial cells, hepatocytes and cholangiocytes. 1 In rodents, while hepatocytes contribute to 70% of the total liver mass, cholangiocytes account for 3-5% of the total liver population. 1 The liver plays a key role in the homeostasis of the whole body metabolism: in particular, synthesizing many proteins and enzymes, the liver plays a primary role in the regulation of the energetic metabolism, and it also contributes to the detoxification and elimination of a wide variety of both endogenous and exogenous molecules. 1 In addition, the liver also secretes bile 2,3 that is key for the digestion of fats. The human biliary epithelium originates at the level of the biliary pole of hepatocytes that are responsible for the production of bile. 3 Once produced, the bile is secreted into the lumen of the bile canaliculus, and move through the liver lobule in centrifugal direction. Cholangiocytes modify canalicular bile 3 before reaching the duodenum 2 by a number of reabsorptive/secretory events modulated by various gastrointestinal hormones/ peptides, neurotransmitters and bile acids. 4, 5 The bile canaliculi are narrow spaces of 0.5-2 mm delimited by simple introflections of the plasma membrane at the biliary poles of adjacent hepatocytes. 6 The biliary pole of hepatocytes is: (i) characterized by numerous and short microvilli that protrude into the lumen; and (ii) isolated from the vascular pole by occluding junctions. 6 The canals of Hering originate in the proximity of the portal spaces. The point at which the bile canaliculi continue into the canals of Hering is defined as the ductule-canalicular junction. At this level, bile ducts are in part lined by cholangiocytes as well as hepatocytes. [7] [8] [9] At this point of the biliary tree, partially undifferentiated cells have been identified: the hepatic progenitor cells (HPCs). They constitute a resident stem cell compartment in the liver, and they are able to differentiate into both hepatocytes and cholangiocytes. The canals of Hering are therefore points of anatomical and physiological connection between bile canaliculi and interlobular bile ducts in the portal space. 7, 9, 10 The canals of Hering are lined by a few (three or four) cubicshaped cholangiocytes. 7, 9, 10 The canals of Hering continue into the interlobular ducts, lined by a continuous layer of cylindrical-shaped cholangiocytes. 7, 9, 10 The interlobular ducts are characterized by a diameter of 15-100 mm and, in the portal space they draw up alongside the ramifications of the hepatic artery and of the portal vein. 7, 9, 10 The interlobular bile ducts then continue into ducts of progressively larger size to form two large intrahepatic ducts (right and left hepatic ducts), which drain respectively into the right and left hepatic lobe of the liver and, at the hilum, they give rise to the extrahepatic bile ducts. 7, 9, 10 In humans, the biliary network is subdivided into two portions: the intrahepatic (IHBDs) and the extrahepatic bile ducts (EHBDs). IHBDs start at the ductular-canalicular junction with the canals of Hering and continue with bile ductules, interlobular, septal area (zonal) and segmental ducts. 11 Area (zonal) and segmental ducts are considered large intrahepatic bile ducts, whereas septal ducts represent an intermediate link between the large and the interlobular biliary system. 11 This classification in based on the diameter of the ducts: bile ductules (15 mm), interlobular ducts (15-100 mm), septal ducts (100-300 mm), area (zonal) ducts (300-400 mm), segmental ducts (400-800 mm) and hepatic ducts (800 mm) ( Table 1) . [12] [13] [14] [15] [16] In rat liver, the intrahepatic biliary tree has been divided according to size differences (small, 15 mm in diameter, and large, !15 mm in diameter, bile ducts) 12, 17 (Table 1 ) and functional heterogeneity (Tables 2 and 3) . 16, 17, [24] [25] [26] 43, 55, 56, 57 Small ductules are lined by 4-5 small cholangiocytes, which are characterized by the presence of a basement membrane and tight junctions between cells and microvilli projecting into the bile duct lumen. Small bile ducts join into interlobular ducts ranging from 20 to 100 mm in cross-sectional diameter. In interlobular bile ducts, cholangiocytes become larger and more columnar in shape and display a primary cilium. 6, 16, 17, 25 Large and septal IHBDs have several morphological/histological aspects and an embryological origin in common with EHBDs. 11 The EHBDs consist of the left and right hepatic ducts, the common hepatic duct, the gallbladder with the cystic duct, the bile duct (choledochus) and the hepatopancreatic ampulla. The hepatopancreatic ampulla drains into the duodenum via the Papilla of Vater. From a histological point of view, a unique feature that is shared by the large intrahepatic bile ducts and the extrahepatic biliary system is the presence of glands in the duct walls, currently named peribiliary glands (PBGs). 11, 58 In support of the morphological heterogeneity of the biliary epithelium, electron microscopic studies in rodent liver sections and intrahepatic bile duct units (IBDUs) 17 have demonstrated that small and large cholangiocytes have a multi-lobulated nucleus, numerous vesicles at the subapical region, tight junctions, high density of microvilli and lysosomes and only a few mitochondria. 6 Small cholangiocytes show a high nucleus-to-cytoplasm ratio, whereas large cholangiocytes display a small nucleus and abundant cytoplasm. 6 The presence of a larger nucleus and a smaller cytoplasm in small, Ca 2þ -dependent cholangiocytes suggests an undifferentiated nature for these cells that may contain an HPC subpopulation. 1 This view is supported by a number of studies showing that small cholangiocytes are more resistant to liver injury (such as BDL and carbon tetrachloride (CCl 4) ), 20, 24 replicate during damage of large cholangiocytes 20, 59 and respond (with changes in secretory and proliferative activities) in response to agonists (e.g. histamine and H1 histamine receptor agonists) 43, 44 that stimulate Ca 2þ -signalling (see below). On the other hand, the presence of a larger cytoplasmic area in large, cAMPdependent cholangiocytes is perhaps an index of a more differentiated and mature characteristic for these cells. 1 This may explain in part why large cholangiocytes constitutively express more membrane receptors, transporters and channels (compared to small cholangiocytes) and are able to respond to several agonists such as secretin and somatostatin. 1
Vascularization of the biliary epithelium
The biliary epithelium is nourished by a vascular network of small vessels (peribiliary vascular plexus), which derives from branches of the hepatic artery and flows mainly into the hepatic sinusoids directly (lobular branch) or through branches of the portal vein (prelobular branches). [60] [61] [62] While a well-defined peribiliary vascular plexus is present around large bile ducts, 63 the peribiliary vascular plexus gets smaller and less visible around small ductules. 60 
General functional characteristics of cholangiocytes
Secretin is a key player in the regulation of biliary secretion. Secretin interacts with the G protein-coupled secretin receptor (SR), which is expressed only by cholangiocytes in human and rodent liver. 17, 25, 64, 65 The adenosine 3 0 ,5 0 -monophosphate (cAMP) is the key signalling molecule that is activated by secretin in large cholangiocytes. 16, 17, 25, 26 After activation of cAMP synthesis by secretin, there is phosphorylation of protein kinase A (PKA) leading to the activation of cystic fibrosis transmembrane conductance regulator (CFTR), which in turn induces activation of the Cl À /HCO 3 À anion exchanger 2 (AE2) and bicarbonate secretion into bile. 2, 17, 25, 26, 30, 31, 33, 66 Alterations of cAMP levels (e.g. by somatostatin, and a2or a1-adrenergic receptor agonists) induce changes in secretin-stimulated secretion in large bile ducts. 4, 32, 33, 39, 67 While some of these factors influence secretin-induced ductal secretion by direct up/downregulation of cAMP levels, other factors alter secretin-stimulated cAMP levels and ductal secretion by the activation of Ca 2þ -dependent PKC isoforms. 4, 32, 34, 39 Pathophysiological changes of the biliary epithelium Cholangiocytes are also the target cells in a number of chronic cholestatic liver diseases (i.e. cholangiopathies) such as primary sclerosing cholangitis (PSC) and primary biliary cirrhosis (PBC), which are characterized by the co-existence of biliary hyperplasia and/or damage. 1, 68 The development of cholangiopathies is due to the dysregulation of the balance between cholangiocyte proliferation/loss, 1,69 that is coordinately regulated by a number of stimulatory and/or inhibitory factors such as secretin, somatostatin, gastrin, melatonin and serotonin. 24, 34, 35, 36, 41, 45, 46, 51, 69, 70 In cholangiopathies, during proliferation/loss of certain portions of the biliary tree there are compensatory/repair mechanisms in other specific segments of the biliary epithelium that help to maintain the homeostasis of the biliary epithelium. 24, 34, 36, 41, 69, 70 This likely explains why specific bile ducts secrete stimulatory factors, whereas other bile ducts synthesize inhibitory factors/neuropeptides. 24, 34, 35, 36, 41, 45, 46, 51, 69, 70 In animal models, biliary proliferation or loss is achieved by a number of surgical or chemical procedures such as: bile duct ligation (BDL), sympathetic and parasympathetic denervation, acute and chronic CCl 4 administration, partial hepatectomy, and chronic feeding of bile salts, gamma-aminobutyric acid (GABA) and the toxin, a-naphthylisothiocyanate (ANIT). 2, 24, 27, 56, 26, 20, 59, 66, 71, 72 The differential effects of these procedures on the secretory, proliferative and apoptotic responses of small and large cholangiocytes are described in the section 'Experimental Models For Studying Cholangiocyte Heterogeneity'.
Since the secretin receptor is only expressed by rodent cholangiocytes, 65 changes in the functional expression of this receptor may be important for evaluating changes in biliary proliferation/loss and ductal mass. 24, 20, 59, 66, 34, 27, [72] [73] [74] For example, following BDL, partial hepatectomy and taurocholate (TC) or ANIT feeding there is enhanced SR expression and secretin-stimulated cAMP levels and bile and bicarbonate secretion. 2, 66, 74 In contrast, damage/loss of bile ducts (e.g. after CCl 4 and GABA treatment) is associated with reduced functional expression of SR. 20, 27 The secretin receptor is also expressed and up-regulated in cholangiocytes in rodent models of polycystic kidney and liver diseases such as in Pkd2 ( -/WS25) mice. 75 Experimental models for studying cholangiocyte heterogeneity
In vivo models
These in vivo models include: (i) the cholestatic BDL rodent model 2, 24, 26, 20, 34 ; (ii) acute administration of a single dose of CCl 4 or chronic administration of CCl 4 20,76 ; (iii) 70% hepatectomy 66 ; (iv) cholinergic (by total vagotomy) 72 and adrenergic (by a single intraportal administration of 6-hydroxy dopamine (6-OHDA) 71 ; and (v) chronic treatment with GABA 59 and chronic feeding with bile acids such as taurocholic (TC) and ursodeoxycholic (UDCA) and tauroursodeoxycholic (TUDCA) acids or ANIT, 55, 56, 74, 77 which all selectively target different-sized ducts. While the cholestatic BDL model induces the proliferation of large but not small cholangiocytes, 20, 24, 59 70% liver resection has been shown to stimulate the regrowth of both small and large cholangiocytes. 66, 78 Following BDL, cAMP levels and extracellular regulated kinases (ERK) and p70 s60K phosphorylation are also increased in large proliferating cholangiocytes. 79 In support of the notion that cAMP is a key factor for regulation of large cholangiocytes, chronic administration of forskolin to normal rats enhances the proliferation and secretin-stimulated bile secretion of large bile ducts. 73 An interesting model, characterized by the co-existence of biliary proliferation/loss, is represented by the in vivo administration of a Vivo Morpholino AANAT (to decrease the biliary expression of arylalkylamine N-acetyltransferase (AANAT), the rate-limiting enzyme for melatonin synthesis from serotonin) in large cholangiocytes. Inhibition of AANAT in vivo removes the inhibitory brake of melatonin on biliary growth thereby increasing biliary growth and secretin-stimulated ductal secretion. 70 Chronic ANIT feeding increased both proliferation and induces damage of small and large cholangiocytes. 74 This model has important implications for understanding the pathophysiology of cholangiopathies (characterized by the coexistence of both cholangiocyte apoptosis and proliferation). While the Na þ -dependent bile acid transporter (ASBT) is predominantly expressed by normal large cholangiocytes, 55 the chronic administration of TC: (i) increased the functional expression of ASBT in large cholangiocytes and the proliferation and the secretory responses of these cells to secretin 20, 24, 55, 56, 59 ; and (ii) induced the de novo expression of ASBT and BA transport activity in small cholangiocytes and the de novo proliferation of small cholangiocytes. 56 Other bile acids such as UDCA and TUDCA inhibit large biliary hyperplasia in BDL rats. 77 We have also shown 80 that depletion of endogenous bile acid pool (by bile depletion by external bile drainage in BDL rats) reduces biliary hyperplasia and secretin-stimulated ductal secretion and ASBT expression and bile acid transport activity of large bile ducts. Bile acids affect biliary functions by also interacting with cholangiocytes by transporters/membrane receptors such as apical Na þdependent bile acid transporter and TGR5 5, 81, 82 Also, the gallbladder epithelium expresses at the apical pole the bile acid receptor TGR5 (Gpbar-1), a G-protein coupled receptor.
Other models are key for evaluating the damage and apoptotic responses and the repair mechanisms of different sized bile ducts. 20, 27, 59, 71, 72 For example, following the functional damage of the more differentiated, large cAMP-dependent cholangiocytes (e.g. after CCl 4 and GABA treatment) there is the de novo proliferation of small, 'progenitor' cholangiocytes, which amplify their Ca 2þ -dependent signalling and also acquire traits of large cholangiocytes to maintain the functional homeostasis of the biliary epithelium. 20, 27, 59 The functional damage (loss of secretin response) of large cholangiocytes of BDL rats, accomplished by vagotomy, was prevented by the administration of the adenylyl cyclase activator, forskolin, 72 or prolonged UDCA or TUDCA feeding by IP 3 / Ca 2þ -dependent phosphorylation of PKCa. 77 The damage and loss of proliferative and secretory functions of large cholangiocytes, by adrenergic denervation of BDL rats, is prevented by the administration of forskolin, b1and b2-adrenergic receptor agonists (clenbuterol or dobutamine) 71 or TC feeding. 83 Another model of large biliary damage is represented by the ligation of the hepatic artery in BDL rats. 84, 85 In BDL rats, hepatic artery ligation induced: (i) the disappearance of the peribiliary plexus;
(ii) increased apoptosis and impaired the proliferation and secretin-stimulated choleresis; and (iii) decreased vascular endothelial growth factor (VEGF) secretion in large bile ducts. 84, 85 Hepatic artery ligation-induced effects on large biliary functions were prevented by administration of r-VEGF-A or TC feeding. 84, 85 TC feeding to BDL rats has also been shown to prevent caffeic acid-induced damage of large cholangiocytes by increased biliary VEGF expression. 86 Also, tumor necrosis factor-a induces large biliary damage with loss of secretin-induced choleresis, an effect that was prevented by TC feeding by a phosphatidylinositide 3-kinase (PI3K)-mediated pathway. 87 
In vitro models
The development and characterization of in vitro models (in conjunction with in vivo models) has allowed us to better define the proliferative, apoptotic and secretory activities of small and large cholangiocytes or IBDUs isolated from different portions of the biliary epithelium, and immortalized small and large murine lines ( Figure 1 ). 17, 20, [25] [26] [27] 44, 56, 74, 88 These two subpopulations of cholangiocytes and IBDUs were characterized morphologically (via computerized image analysis) ( Figure 1 ), 25, 26 phenotypically (by expression of g-glutamyl transpeptidase (g-GT) and cytokeratin-19) 25, 26 and functionally by measuring gene expression for SR, CFTR and Cl À /HCO 3 À AE2 exchanger and secretin-stimulated cAMP levels, Cl À efflux and Cl À /HCO 3 À exchanger activity. 17, 25, 26 An important advancement is represented by the development of immortalized small and large murine cholangiocyte cell lines ( Figure 1 ) that originate from small and large ducts, respectively, and have characteristics of freshly isolated small and large cholangiocytes. 88 Specifically, by the use of these biliary lines a number of studies have elucidated the role of histamine, H1HR agonists, a1-adrenergic receptor agonists, Ca 2þ -dependent Cl À channels, stem cells and granulocyte colony stimulating factors in the regulation of biliary secretion, growth, migration and repair. 43, 44, [89] [90] [91] Phenotypical heterogeneity of the biliary epithelium
In situ morphometric analysis in rodent liver sections has shown that: (i) intrahepatic bile ducts are heterogeneous in external diameter; (ii) individual cholangiocytes (lining bile ducts) are heterogeneous in area; and (iii) a linear, significant relationship exists between external bile duct diameter and cholangiocyte areas. 16, 25 We have isolated two distinct subpopulations of small and large cholangiocytes and IBDUs and shown that these two cell types express similar levels of g-GT and cytokeratin-19, two cholangiocytespecific markers 2, 66 ; and (ii) large (but not small) isolated cholangiocytes express SR, CFTR and Cl À /HCO 3 À AE2 and respond to secretin with increases in cAMP levels, CFTR activity and Cl À /HCO 3 À AE2 activity and bicarbonate secretion. 16, 17, 24, 25, 26 Functional heterogeneity of the biliary epithelium
Function of large bile ducts
Various proteins/membrane receptors/channels/transporters differentially expressed in small and large bile ducts are summarized in Tables 2 and 3 . In human liver, the hepatic segmental area and septal bile ducts, as well as the PBGs express pancreatic enzymes such as pancreatic lipase, a-amylase and trypsin that may regulate biliary development. 22, 58 In rat liver, the enzymes leucine amino peptidase and cytochrome P4502E1 are only expressed by interlobular ducts. 18, 20, 21 While the function of leucine amino peptidase is undefined, cytochrome P4502E1 has been shown to regulate the dehalogenation of the toxin, CCl 4. 18,20,21 Both alkaline phosphatase (ALP) and g-GT are expressed by large rat cholangiocytes. 18 Another study has shown that ALP inhibits: (i) basal and secretin-stimulated bile secretion in vivo in BDL rats; and (ii) basal and secretin-induced Cl À /HCO 3 À exchanger AE2 activity in large IBDUs. 19 
Regulation of secretin-induced large bile duct functions
Several studies have shown that: (i) secretin receptors (SR) are expressed by large but not small cholangiocytes 24, 25, 26 ; and (ii) secretin stimulates bicarbonate secretion in large bile ducts by interacting with SR, an interaction that leads to enhanced cAMP levels, PKA phosphorylation and opening of CFTR (expressed only in large bile ducts) 24 that leads to activation of the Cl À /HCO 3 À exchanger AE2 activity (present only in large bile ducts) 25, 26, 31 with subsequent bicarbonate secretion into bile. 2, 4, 20, 25, 26, 27, 30, 34 (Figure 2 ). In support of the expression of SR in cholangiocytes, an in vivo autoradiography study in rodent liver has demonstrated specific binding of labelled secretin to bile duct areas of normal and BDL rats, binding that increased following BDL. 92 Furthermore, secretin stimulates exocytosis in normal cholangiocytes by SR-mediated increase in cAMP levels. 93 A study aimed to evaluate the expression of secretin receptor in human liver samples has provided further evidence for the expression of these receptors in bile ducts but not in hepatocytes. 64 Also, secretin is a trophic factor for cholangiocytes both in vivo and in vitro. 28 For example, in vitro ablation of SR in large cholangiocytes lines and in vivo knockout of SR in large cholangiocytes reduces biliary proliferation and hyperplasia in BDL mice. 28 Also, endothelin-1 (ET-1) decreases secretin-stimulated choleresis in vivo and SR gene expression and secretin-stimulated cAMP levels in large cholangiocytes and secretin-induced luminal expansion in IBDUs from BDL rats. 40 The inhibitory effects of ET-1 were mediated by the activation of ETA receptors. 81 Studies have shown 33, 34, 35 that: (i) gastrin-CCK-B receptors are expressed by large cholangiocytes; and (ii) activation of gastrin-CCK-B receptors inhibits SR gene expression and secretin-stimulated cAMP levels and bile secretion and biliary hyperplasia of BDL rats. The inhibitory effects of gastrin on biliary hyperplasia were mediated by translocation of Ca 2þ -dependent PKC isoforms. 34, 35 A recent study has also shown 37 that: (i) D2 (but not D1 and D3) dopaminergic receptors are expressed by large cholangiocytes; and (ii) the D2 dopaminergic agonist, quinelorane, inhibits secretinstimulated cAMP levels (in purified cholangiocytes), lumen expansion (in isolated IBDUs) and bile secretion in bile fistula rats; the inhibitory effects of quinelorane on secretin-stimulated choleresis were mediated by increased expression of Ca 2þ -dependent PKCg and decreased PKA activity. 37 Large but not small bile ducts co-express the basolateral receptors for secretin and somatostatin (i.e. SSTR 2 subtype) and respond to these two gastrointestinal hormones with changes in biliary proliferation and ductal secretion ( Figure 2) 17, 24, 25, 26, 32 ; both subpopulations of small and large cholangiocytes are positive for the biliary marker, cytokeratin-19, CK-19. 25 In vivo, somatostatin inhibited both basal and secretin-induced choleresis of large bile ducts of BDL rats. 32 In vitro, somatostatin inhibits secretininduced cAMP levels and exocytosis of large BDL cholangiocytes. 32 We have also shown that somatostatin decreases SR gene expression and secretin-stimulated cAMP levels (a functional index of biliary proliferation) 24, 66, 34 and the proliferation of large cholangiocytes both in vivo and in vitro by interaction with SSTR 2 receptors, 24 a finding that supports the notion that the proliferative compartment of cholangiocytes after BDL is located solely in large cholangiocytes ( Figure 2 ). 24 
Stimulatory effects of angiogenic factors and other growth factors in the modulation of large bile function
The importance of the peribiliary plexus and its circulating angiogenic factors has been emphasized by a study that showed that, following BDL, the peribiliary plexus undergoes proliferation to support the increased nutritional demands from the proliferating biliary epithelium. 60 However, the proliferation of the peribiliary plexus only occurs after that of the biliary epithelium suggesting that cholangiocytes secrete angiogenic factors such as VEGF to support the nutritional needs of the proliferating bile ducts. 60 A study has shown 45 that large cholangiocytes: (i) express and secrete VEGF-A/C and that the levels of VEGF A/C increase following BDL; (ii) neutralization of VEGF-A/C in vivo by anti-VEGF antibodies decreases large bile duct mass; and (iii) r-VEGF-A/C induces large biliary hyperplasia in normal rats by IP 3 /Ca 2þ -dependent activation of Src/ERK1/2; further studies are necessary to evaluate the role of VEGF in small biliary functions. Fabris et al. have shown that bile ducts are able to generate a VEGF gradient that is key during the migratory stage, when it determines arterial vasculogenesis in their vicinity, whereas angiopoietin-1 signalling from hepatoblasts contributes to the remodeling of the hepatic artery necessary to meet the demands of the proliferating biliary epithelium; however, this study did not determine which cholangiocyte subpopulation secretes VEGF. 94 In addition to VEGF, other factors expressed/secreted by cholangiocytes have been shown to regulate large biliary functions. For example, we have shown that: (i) large cholangiocytes secrete NGF and express NGF receptors; and (ii) NGF stimulates biliary proliferation (by both autocrine/paracrine mechanisms) by activation of ERK and PI3-K pathways. 46 Cholangiocytes from BDL but not normal rats express pancreatic duodenal homeobox-1 (PDX-1), the activation of which by glucagon-like peptide-1 receptor (GLP-1R) triggers cholangiocytes to synthesize IGF-1 and VEGF. 95 It was not demonstrated which biliary subtypes express de novo PDX-1; however, since only large cholangiocytes proliferate after BDL 24 these cells are likely the ones to express PDX-1. Also, a recent study has demonstrated 96 that Hes-1 downregulation allows PDX-1 to act as a key determinant of large cholangiocyte proliferation in response to BDL. Specifically, an increase in biliary mass, observed after BDL, was significantly reduced in PDX-1( þ / À ) mice concomitant with reduced Hes-1 expression in proliferating large cholangiocytes. 96 The activation of M3 ACh receptors, by acetylcholine, enhanced secretin-stimulated biliary secretion by activation of the Cl À /HCO 3 À exchanger AE2 by a Ca 2þ -dependent, protein kinase C-insensitive pathway that potentiates secretin stimulation of adenylyl cyclise, 38 likely AC8. In fact, a recent study supports the concept that AC8 is a key player in the regulation of secretin-induced choleresis in large bile ducts since it is expressed mostly by large cholangiocytes, 97 the only cell types expressing the secretin receptors. 17, 25, 26 Another study has shown that the a-1 adrenergic receptor agonist, phenylephrine, stimulates secretin-stimulated choleresis ductal secretion of BDL rats by Ca 2þ -and PKCdependent stimulation of cAMP synthesis. Coordinated regulation of bile secretion by secretin (through cAMP) and a-1 adrenergic receptor activation (through Ca 2þ / PKC) may be an important compensatory mechanism to sustain ductal bicarbonate secretion in chronic cholestatic liver diseases. Several studies have shown that proliferating cholangiocytes acquire phenotypes of neuroendocrine cells (by expressing neuroendocrine markers such as chromogranin A, glycolipid A2-B4, S-100 protein, and neural cell adhesion molecule) [98] [99] [100] [101] and secrete factors that promote (e.g. glucagon-like peptide, insulin-like growth factor I, progesterone, prolactin, follicle-stimulating hormone, testosterone, calcitonin gene related peptide (CGRP), histamine) 47, 49, [50] [51] [52] [53] 102, 103 or inhibit the proliferation of cholangiocytes (melatonin, serotonin, and Met-enkephalin) 41, 70, 104 (Table 3) .
Yes-associated protein (YAP) has been shown to sustain the proliferation of likely large cholangiocytes in the cholestatic BDL rat model. 105 Also, large cholangiocytes express glucagon-like peptide-1 (GLP-1) receptors, whose expression is upregulated after BDL. 47 Both GLP-1 and exendin-4, a GLP-1R selective agonist, increase the proliferation of large cholangiocytes by activation of PI3K, cAMP/PKA, and Ca 2þ -dependent CaMKII alpha pathway. 47 Also, rodent cholangiocytes express the IGF1 isoform, whose expression increased in large proliferating BDL cholangiocytes. 48 The locally secreted IGF1 was more potent than the circulating isoform in protecting cholangiocyte damage induced by hydrophobic bile salts. 48 The thyroid hormone inhibits the proliferation of large cholangiocytes in BDL rats by phospholipase-C/IP 3 /Ca 2þ -dependent downregulation of SRC/ERK1/2 signalling. 106 Progesterone is also an important autocrine/paracrine regulator of large cholangiocyte proliferation. 49 Cholangiocytes and large cholangiocyte lines (NRIC) express the PR-B nuclear receptor and PRGMC1, PRGMC2, and mPRalpha. 49 In vivo, progesterone enhances ductal mass of normal rats, whereas the administration of anti-progesterone antibody to BDL decreased large biliary mass. 49 In vitro, (i) cholangiocytes express the biosynthetic pathway for and secrete progesterone; and (ii) inhibition of progesterone steroidogenesis causes a decrease in NRC proliferation. 49 With regard to other sex hormones, a study has shown that cholangiocytes from female rats express both isoforms (long and short) of prolactin receptors, whose expression increases following BDL in large cholangiocytes. 50 Cholangiocytes also express and secrete prolactin, which regulate large cholangiocyte proliferation by autocrine pathways. Similarly, another study has demonstrated that: (i) the long receptor isoform of prolactin receptor is present in cholangiocytes; and (ii) the expression of longform prolactin receptors increased in cholangiocytes during obstructive cholestasis. 107, 108 Cholangiocytes also express FSHR and follicle-stimulating hormone (FSH) and secrete FSH. Both in vivo and in vitro FSH increased large cholangiocyte proliferation by an autocrine mechanism by cAMPdependent phosphorylation of ERK1/2 and Elk-1. 51 A recent study by Yang et al. 52 has shown that: (i) cholangiocytes express androgen receptors; and (ii) castration decreases testosterone serum levels and bile duct mass and secretin-stimulated choleresis of large bile ducts from BDL rats. Cholangiocytes express 17b-hydroxysteroid dehydrogenase 3 (17b-HSD3, the enzyme regulating testosterone synthesis) and secrete testosterone. 52 Knock down of 17b-HSD3 reduces biliary proliferation. 52 In vivo knockdown of a-CGRP decreases large biliary proliferation after BDL. BDL-induced large murine cholangiocyte proliferation was associated with increased serum a-CGRP levels. 53 In vitro, aand b-CGRP increased the proliferation of large BDL cholangiocytes, which was associated with activation of cAMP-dependent PKA and cAMP response element binding protein DNA binding. 53 In BDL mice lacking the NK-1R gene, there was reduced large biliary proliferation and ductal mass and decreased PKA phosphorylation. 54 In vitro, substance P increased cAMP levels and proliferation of large cholangiocytes. 54 H3 histamine receptor agonists have been shown to inhibit biliary hyperplasia of BDL rats by downregulation of the cAMP-dependent PKA/ERK1/2/ELK-1 pathway. 109 
Inhibitory effects of hormones/peptides and related receptors on large biliary growth
The activation of serotonin 1A and 1B receptors (by administration of serotonin) in large cholangiocytes decreases large bile duct mass in cholestatic BDL rats. 41 Serotonin effects were mediated by enhanced expression IP 3 /Ca 2þ / PKC signalling that causes downregulation of cAMP/ ERK1/2 signalling. 41 The study has also shown that: (i) large cholangiocytes secrete serotonin; and (ii) inhibition of serotonin secretion increases biliary hyperplasia in BDL rats. 41 A recent study has also shown that cholangiocytes express the neuronal isoform of tryptophan hydroxylase (TPH), synthesize serotonin and deploy serotonin as an autocrine/paracrine signal to regulate regeneration of the biliary epithelium during cholestatic injury induced by BDL. 110 Further studies are necessary to determine which biliary cell type is involved in this phenomenon. Moreover, a recent study has demonstrated that repairrelated activation of hedgehog signalling promotes cholangiocyte chemokine production. 111 Specifically, this study has shown that fibroblastic hepatic stellate cells (MF-HSCs) release soluble Hedgehog (Hh) ligands that stimulate cholangiocytes to produce chemokine (C-X-C) motif ligand 16 (Cxcl16) and recruit chemokine (C-X-C) motif ligand 16 (NKT) cells. 111 Activation of Hh signalling during cholestasis induced by BDL increases the biliary expression of Cxcl16; further studies are warranted to determine the cholangiocyte subpopulation (small vs. large) secrete the specific chemokines.
With regard to the role of endogenous opioids, a recent study has also demonstrated increase in opioid peptide synthesis in bile ducts to limit the excessive growth of large cholangiocytes following BDL by the interaction with the deltaOR expressed by cholangiocytes. 112, 113 Recent studies have emphasized the importance of melatonin, a chemical synthesized by pineal gland as well as peripheral organs such as the biliary epithelium. 36 For example, we have shown that large cholangiocytes express the receptors, MT1 and MT2, and the central clock genes, CLOCK, BMAL1, CRY1, and PER1 that were all upregulated after BDL. In vivo administration of melatonin to BDL rats decreased ductal mass, the expression of specific clock genes, cAMP levels, and PKA phosphorylation in large cholangiocytes. In purified cholangiocytes, melatonin reduced biliary proliferation, cAMP levels, and PKA phosphorylation by interaction with MT1 but not MT2. Melatonin may be important for the regression of biliary hyperplasia occurring in specific sized bile ducts in human cholangiopathies. Further studies are needed to evaluate the role of melatonin in the regulation of small biliary functions. Secretin-stimulated choleresis is also regulated by the activation of insulin receptors expressed by large cholangiocytes. In fact, IV infusion of insulin inhibits secretin-stimulated ductal secretion in large bile from BDL rats by activation of PKCa and inhibition of PKA activity. 114 M3 (but not M2 and M1) acetylcholine (ACh) receptors are expressed by large IBDUs and cholangiocytes. 38 We have recently demonstrated that: (i) large cholangiocytes express a 2A -, a 2B -, and a 2C -adrenergic receptors; and (ii) the a 2 -adrenergic receptor agonist, UK 14,304, decreases secretin-stimulated choleresis by downregulation of cAMPdependent pathways in BDL rats. 67 The endogenous cannabinoid neurotransmitter, anandamide, has been shown to inhibit large cholangiocyte hyperplasia of BDL rats by activation of thioredoxin 1/redox factor 1 and AP-1 activation. 115 The role of the endocannabinoid system in small cholangiocytes has not been defined.
Function of small bile ducts
In the classical model of cholestasis (induced by BDL), small (in contrast to large cholangiocytes) do not respond to this pathological perturbation 20, 24 (Figure 2) . A number of studies have demonstrated that small cholangiocytes exert their functions by activation of Ca 2þ (but not cAMP) dependent mechanisms. 17, 19, 20, 26, 27, 39, [42] [43] [44] 73 The activation of the Ca 2þ -dependent signalling is associated with the acquisition of the phenotype of large cholangiocytes, when the constitutive ones are damaged in the course of injury 20, 27, 59 (Figure 2 ). Such an event may be important in the reconstitution of the damaged bile ducts.
The role of histamine and histamine receptors in small bile duct function
Among the various factors regulating small biliary functions, a recent study has shown that histamine, both in vivo and in vitro, stimulates the proliferation of both small (mediated by the H1HR) and large (mediated by H2HRs) cholangiocytes. 43 In fact, while H1HR-mediated increased small biliary growth is mediated by activation of IP 3 /Ca 2þ /CaMKI signalling, H2HR-mediated increase in cAMP-dependent signalling is key for the proliferation of large cholangiocytes. 43 In support of this, another study has shown 44 that the H1HR agonist, HTMT dimaleate stimulates the proliferation of small bile ducts by activation of IP 3 / calmodulin-dependent Protein Kinase (CaMK I)/ CREB signalling (Figure 2 ).
The role of Ca 2þ -dependent signalling in small bile duct function
A number of studies have shown that small cholangiocytes (which do not express CFTR and Cl À /HCO 3 À exchanger AE2) 17, 25, 26 secrete water and electrolytes by the activation of Ca 2þ -dependent pathways. In support of this notion, we have demonstrated that small cholangiocytes synthesize adenosine triphosphate (ATP) and express purinergic (P2) receptors that mediate ductal bile secretion. 91 Furthermore, we have identified TMEM16A channels and Ca 2þ -activated Cl À efflux in small bile ducts that respond to extracellular nucleotides supporting the presence of a non-CFTR Cl À channel. This channel may represent an important compensatory secretory mechanism during damage of larger, cAMP-responsive bile ducts. 90 There is a secretory gradient in the biliary epithelium with small cholangiocytes secreting water and electrolytes by activation of the IP 3 /Ca 2þ / PKC pathway, whereas large cholangiocytes secrete bile by activation of the cAMP/PKA/CFTR/Cl À /HCO 3 À exchanger. 24, 26, 57 Activation of a1-adrenergic receptors has been shown to stimulate the growth of small murine cholangiocytes via Ca 2þ -dependent activation of nuclear factor of activated T cells 2 and specificity protein 1. 42 Small cholangiocytes are more resistant to toxins, nerve resection and specific diets which suggests that they may be undifferentiated cells or a passive, tubular structure delivering bile from bile canaliculus to larger (more differentiated) hormone responsive ducts, where bile is modified before reaching the small intestine. 17, 24, 25 As described above, during the functional damage of large bile ducts (e.g. after acute CCl 4 administration and chronic treatment with GABA or ANIT) 20, 59, 27, 74 there is de novo proliferation of small cholangiocytes which (in addition to amplify their Ca 2þ -dependent signalling) acquire phenotypes of large cholangiocytes (SR and response to secretin) 20, 27, 59, 74 (Figure 3 ) and differentiate into larger cholangiocytes (Alpini, 2012, unpublished observations). The reason why small and large cholangiocytes differentially respond to CCl 4 (with changes in apoptotic, proliferative and secretory activities) may be due to the heterogeneous expression of cytochrome P4502E1 (the enzyme that inhibits CCl 4 hepatotoxicity) that we have shown to be expressed by large but not small cholangiocytes. 20 In addition, small human and rodent cholangiocytes express high levels of the anti-apoptotic proteins (e.g. annexin-V and bcl-2). 23, 116 
Heterogeneity of stem/progenitor cells in the biliary epithelium
A stem cell compartment is present at the level of the smaller branches of intrahepatic biliary tree in adult liver. 7, 8, 117 The development of bile duct regeneration in different disease conditions is depicted in Figure 4 . Hepatic stem/progenitor cells (HPCs or HpSCs) or oval cells (in rodents) are bipotential stem cells located in the canals of Hering, which are able to differentiate towards into hepatocytes and cholangiocytes 8, 118 (Figure 4 ). In adult human livers, HPCs are quiescent stem cells with a low proliferating rate. Even when the liver responds to injury, cell loss and mass are normally restored through the replication of hepatocytes and large cholangiocytes, since they have a near infinite capacity for self-renewal. So, HPCs represent a reserve compartment that is activated only when the mature epithelial cells of the liver are continuously damaged or inhibited in their replication or in cases of severe cell loss. In these conditions, resident HPCs are activated and expand from the periportal to the pericentral zone-giving rise to reactive ductules. Reactive ductules (or ductular reaction) are strands of HPCs representing a trans-amplifying sub-population with a highly variable phenotypical profile. 8, 118 However, recent studies suggest that the normal adult human liver contains a large number of liver progenitor cells that may contribute to liver homeostasis. A study has recently shown that liver progenitor cells residing in bile ducts are the predominant source of new hepatocytes in mouse liver homeostasis and afford near complete turnover of hepatocyte mass within six months. 119, 120 Another study has shown that liver progenitor cells give rise to hepatocytes after 70% partial hepatectomy and CCl 4 intoxication, both of which are experimental models believed to trigger hepatocyte regeneration only by self duplication. 121 These findings are in controversy with the recent study 122 where Figure 3 The rat cholangiogram demonstrates that the biliary epithelium is formed by ducts of different diameter, i.e. small and large. The cartoon illustrates that small and large cholangiocytes (lining small and large bile ducts) express the biliary marker, CK-19. Large but not small bile ducts express SR and SSTR 2 and respond to secretin and somatostatin. In large cholangiocytes, secretin interacts with basolateral SR, whose interaction induces an increase in cAMP levels that causes phosphorylation of PKA leading to activation of CFTR, which in turn induces activation of the Cl À /HCO 3 À AE2 and bicarbonate secretion into bile. Somatostatin decreases basal and secretin-stimulated choleresis by downregulation of cAMP signalling. Small cholangiocytes exerts their functions by activation of IP 3 /Ca 2þ -dependent signalling. In fact, H1 histamine receptor agonists stimulate the proliferation of cholangiocytes by activation of IP 3 /CaMK I/CREB signalling. Following BDL, large but not small cholangiocytes proliferate leading to enhanced large bile duct mass. Following damage of large cholangiocytes (more susceptible to liver injury), small cholangiocytes de novo secrete and proliferate acquiring markers of large cholangiocytes to replenish the damaged large bile ducts. Modified with permission from Ref. the authors generated a hepatocyte fate-tracing model based on timed and specific Cre recombinase expression and marker gene activation in all hepatocytes of adult Rosa26 reporter mice with an adeno-associated viral vector. This study demonstrated that: (i) newly formed hepatocytes derived from preexisting hepatocytes in the normal liver; and (ii) liver progenitor cells contributed minimally to hepatocyte regeneration after acute injury. This study supports the concept that liver progenitor cells contribute only minimally to normal hepatocyte turnover and to the regeneration of acutely lost hepatocytes. In this view, liver progenitor cells provide a backup system for injury states in which the proliferative capabilities of hepatocytes or cholangiocytes are impaired.
Recent evidence suggests that the resident stem/progenitor cell pool participates in the repair of liver damage either through the replacement of apoptotic cells or by driving fundamental repair processes, including fibrosis and angiogenesis. In this context, ductular reaction has been independently correlated with progressive fibrosis in adult and pediatric NASH and in HCV related cirrhosis. 123, 124 Ductular reaction may be considered a main driver of fibrosis. Ductular reaction can modulate hepatic fibrogenesis during liver injury through two possible mechanisms: (i) ductular reaction cells produce agents that are chemotactic for inflammatory cells and may activate HSCs 125 ; and (ii) ductular reaction cells undergo epithelial-mesenchymal transition, contributing to the portal myofibroblastic pool. 126, 127 The study of well-described stem cell niches in other organs (intestinal, hair-follicle and hematopoietic stem cell compartment) has indicated that Wnt and Notch signalling pathways are important for the regulation of stem-cell proliferation and differentiation towards committed lineages (Figure 4) . Recently, the activation of HPCs and the profile of the ductular reaction have been studied in different human pathologies clarifying the role of signals involved in stem cell niche modulation. In human livers, the activation of the Wnt pathway plays a significant role in HPC expansion while the Notch pathway is involved in the fate choice of HPCs towards the cholangiocyte lineage. 128 The local cellular microenvironment has a key role in achieving a defined progenitor specification and driving the acquirement of divergent cell fates in response to diverse diseases. 129 In particular, during biliary regeneration, the expression of Jagged 1 (a Notch ligand) by myofibroblasts promoted Notch signalling in HPCs and thus their biliary specification to cholangiocytes. Alternatively, during hepatocyte regeneration, macrophage engulfment of hepatocyte debris induced Wnt3a expression. This resulted in canonical Wnt signalling in nearby HPCs, thus promoting their specification to hepatocytes. 130 
PBGs and biliary tree stem/progenitor cells (BTSCs)
Glands of the biliary tree (PBGs) are tubular-alveolar glands composed of serous and mucinous acini located along extrahepatic and large intrahepatic bile ducts. 11 Glandular epithelial cells are reabsorptive with relevance to the mechanisms of concentration and reabsorption of bile constituents from the duct lumina to the surrounding vessels, including the lymphatics. These glands show some secretory activities (secretion of mucinous substances) and are also positive for pancreatic digestive enzymes. 58 Recently, a stem/progenitor cell niche has been described within PBGs 130 (Figure 4 ). PBGs contain cells, which normally proliferate and are responsible for the renewal of the surface epithelium generating mature cells such as cholangiocytes and goblet cells (in the middle of the biliary tree). 131 This niche is composed of cells with classic phenotypic traits of stem/progenitor cells of endodermal origin with respect to transcription factors (SOX9, SOX17, PDX1), surface (EpCAM, LGR5, CD133) and cytoplasmic markers (CK7, CK19), and with evidence for proliferation. BTSCs are also able to express markers of pluripotency such as (OCT4A, SOX2 and NANOG). 131 The study of the organization of cells within glands of the biliary tree has shown that the BTSC within PBGs resembles the organization of the stem cell niche within intestines: (i) the more undifferentiated and transit-amplifying cells are located at the bottom of the glands; (ii) the cells with an intermediate phenotype between progenitorlike cells and mature cells are found in the middle of the glands; and (iii) the fully differentiated cells are in continuum with the surface epithelium. Accordingly, the distribution of proliferating cells followed a similar gradient and proliferating cells are mostly located at the bottom of glands and no or few proliferating cells are present in the surface epithelium. 131 BTSC are easily isolated from fetal and adult extrahepatic biliary tree tissue. 130, 132 Both in vitro and in vivo, BTSC demonstrated multipotency since they are able to generate mature hepatocytes, cholangiocytes and b-pancreatic cells. With regard to the endocrine pancreatic fate, pre-induced neo-islet structures were implanted into mouse fat pads, and the animals were treated with a toxin to destroy their own pancreatic beta cells. Those mice that received the human neo-islets showed significant resistance to hyperglycemia (a model of diabetes) compared to controls that did not receive cell therapy. 130, 132 From an embryological point of view, BTSCs could represent the remnant in adults of the common stem/progenitor (PDX1þ/SOX17þ) for liver, bile duct system and pancreas, which exists at earlier stages of development. 133 Indeed, the biliary system shares a common origin with ventral pancreas. 134 A common stem/progenitor for liver, bile duct system, and pancreas exists at earlier stages of development, when the anterior definitive endoderm is forming the foregut. [135] [136] [137] The extrahepatic biliary tract originates directly from a portion of the ventral endoderm deriving from a pancreatobiliary stem/progenitor expressing PDX1 and SOX17. 138 In conclusion, beside the well-known niche at the level of Canals of Hering, recent findings indicate an additional set, indeed, a large number of cells with the phenotype of endodermal stem/progenitor cells within PBGs of the large intrahepatic bile ducts both in fetal and adult life implicating a newly identified reservoir of stem cells for the renewal of the large bile duct epithelium.
Heterogeneity in cholangiopathies
Chronic cholestatic disease differentially affects the biliary epithelium, leading to the cholangiocytes proliferation/ apoptosis, inflammation and fibrosis of different sized bile ducts. 139, 140 PBC and PSC are the two most common cholangiopathies observed in the biliary epithelium. Although those diseases are all characterized by progressive destruction of bile ducts, leading to ductopenia, progressive liver injury and cirrhosis, they differ in clinical presentation, natural history and complications. PBC, which almost selectively targets small, intrahepatic bile ducts, affects mostly middle-aged women (F/M ratio 9/1). 140 Disease course is often subtle, fatigue being the most common symptom; a diagnostic hallmark is the serum positivity for anti mitochondria antibodies (AMA). Cases resistant to medical therapy (based on the oral administration of UDCA, 15-20 mg/ kg BW) may progress towards cirrhosis and liver failure. 140 There is no substantial increase in the risk of liver cancer development in PBC patients; similarly, there is not a significant clinical association with inflammatory bowel diseases (IBD) such as Crohn's diseases or ulcerative colitis. 140 PSC primarily affects large-sized bile ducts 141 although 15% of the cases affect small bile ducts. 142 In a percentage ranging from 5 to 15%, PSC may target small but not larger ducts. Experts now believe that what is also known as 'small duct PSC' may be a different disease from PSC. PSC commonly presents with recurrent cholangitis or altered liver function tests, sustained by dominant strictures. In contrast to PBC, PSC is slightly more frequent in males and has no serological hallmark; the diagnosis is confirmed by typical radiological findings at magnetic resonance (MRCP). PSC, but not PBC, is strongly associated with IBD (ulcerative colitis in particular) and to increased risk for liver cancer development. Specifically, PSC patients are at significant risk for cholangiocarcinoma development as compared to the general population (odds ratio ¼ 131). 140 Interestingly, 60% to 80% of the cholangiocarcinoma are found in the perihilar region. 143 Classical PSC, which affects mostly large ducts, is the major risk factor for cholangiocarcinoma in USA and Europe. 144 Cystic fibrosis may target bile ducts; patients with a liver phenotype show damaged large but not small ducts. Biliary atresia, the most common reason of cholestasis in infants and children, induces necroinflammatory destruction of large bile ducts but the small bile ducts are also involved as the disease progresses. 145 However, the pathogenesis and molecular mechanisms of biliary atresia is unclear.
Although there are several biological differences between small and large cholangiocytes, it is still unclear how certain diseases may selectively target either one or the other section of the biliary tree. Further information may come by a different profile of expression of microRNAs (miRNAs). Two sets of microRNAs profiling data show 35 hepatic microRNAs and 17 microRNAs (microRNAs are related to cell proliferation, apoptosis, inflammation, oxidative stress and metabolism) were found differentially expressed in liver tissue and blood mononuclear cells in PBC patients and normal controls, respectively. 146, 147 Also, miR506 was found upregulated in the biliary epithelium of PBC patients, an event associated with decreased Cl À / HCO 3 À AE2 expression. 148 
Summary and future perspectives
In this review, we have summarized recent findings about the heterogeneity of different sized (small and large) cholangiocytes regarding: (ii) morphological and phenotypic characteristics; (ii) secretory responses to gastrointestinal hormones/peptides, neuroendocrine hormones and bile salts; and (iii) proliferative and apoptosis activities in response to injury, toxins and hormones/peptides. In brief, we have demonstrated that while large cholangiocytes in large ducts function by cAMP-dependent pathways, small cholangiocytes (lining small bile ducts) exert their function by activation of IP 3 /Ca 2þ -dependent signalling. We have also described the differentiation of small cholangiocytes into large cholangiocytes following the damage of the latter cells. To replenish the large, damaged bile ducts small cholangiocytes amplify their Ca 2þ -dependent signalling and also acquire de novo markers of large cholangiocytes. We have also discussed the heterogeneity of stem/progenitor cells in the biliary epithelium and the heterogeneous profile of human cholangiopathies. The studies discussed in this review have strong clinical implications since human cholangiopathies are characterized by spotty rather than diffuse pathology. Further studies are necessary for defining the: (i) precise functions of small cholangiocytes, which may contain a stem/progenitor cell subpopulation; and (ii) signalling mechanisms by which small cholangiocytes replenish the biliary during damage of larger, more senescent cholangiocytes. Further studies are necessary for better evaluating the role of angiogenic and nerve growth factors and innervations in the function of small and large cholangiocytes. Since melatonin has been shown to modulate biliary functions by modulation of clock gene expression, studies should be performed to evaluate the role of circadian rhythm and clock genes in the regulation of biliary diseases. Additional studies are necessary to evaluate the role of melatonin synthesized centrally (e.g. from the pineal gland) and peripherally (biliary epithelium) in the paracrine/autocrine modulation of biliary proliferation/loss. Further studies of microRNAs should be performed on the microRNA profiling in small and large cholangiocytes and its relevance to the differential roles of different sized cholangiocytes in biliary pathophysiology.
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